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Formulae for gas-kinetic escape of neutral and ionized gas from celestial
bodies are set up, free from uvual simpiificatiang and applicable to the highest
%étes. 1t is shown thar the isathermal model with a constant escape lifetime
becomes physically mearingless when the @.mospheric mass exceeds a certain,
quite modest, limit and the exospheric base disappears; this defines an overal!
upper limit to the rate of gai-xineri:z escape from a pody of given mass; the
limit i3 rather low. by cosmic vtsndards. Absoclute upper limits te selective
escape are calculated. A solar nebula could not have lfowt by escape more than
10723 - 10727 of Jupiter’s mass in hydroger, nor could Jupiter's protoplanet
have lost very much more. Escape to space cannot account for the deficiency
of hydrogen in the atmospheres of the surer planets; other possible processes
are considered; snowing-out of hydrogen in a rotating flattened solar nebula may
account for the separation of hydrogen from helium. For the Earth, the upper
limit of loss of hydrogen equals one-third of the water equivalent of the
oceans, but the actual less as determined by the oxidation of the crust, may
equal only 14 per cent of the ocears.

The escape from Earth of an equivalent amount of hydrogen would require
conditions, very different from those prevailing now; a suggestion is made to

this effect, regarding posstble intense volcanic and plutonic activity on Earth

* This research was suppnrted by the National Aeronautics and .pzce Administration
Grant NsG 53-60.
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during the first undated 1.5 x 10°® years of the Earth's history. For Venus,

a probable exospheric temperature of about 70000k is estimated; without a cold
trap, hydrogen may have escaped freely. However, for a crust similar to the
terrestrial, the amount of oxygen bound in oxidation can hardly be more than
corresponding to 400-800 metres of water; the disappearance of water from Venus
would thus indicate a several times smaller initial store than on Earth.
Residual oxygen in the atmosphere could have disappeared through ionic escape.
At TO00%K the escape of 0 during 4.5 x 10° vears could account for the
disappearance of ten times the terrestria’ amount of free Op even when inhibited

by a magnetic field.

. Introduction

Evidence has been accumulating for an excess of helium over hydrogen
in the atmospheres of the outer planets. The number ratio of He to Hz appears
to be of the order of LO in Jupiter (Bpik 1962 b), and 3 at least in Uranus
and Neptune (Herzberg 1952). The interior of Jupiter being in ail probability
composed mainly of solid hydrogen (Ramsey 1951 deMarcus 19589 Wildt 1961),
there arises a cosmogonic puzzle as to how the excess of helium in Its
atmosphere may have come about (Urey 1959), in view of the excess of hydrogen
in cosmic mixtures which outnumbers helium in a ratio of about 7 to 1~
(Aller 1953). An alternative of nitrogen; instead of helium, providing
the matrix of the atmospheres of the giant planmets is unacceptable as, in the
ﬁre5ence of free hydrogen, it either would have been all reduced to ammonia, or
would have removed all the hydrogen (Hpik 1962 b). Besides, an excess of
nitrogen over hydrogen would even be more difficult to understand than an
excess of helium.

There are, of course, so-called helium stars in whose atmospheres helium

is overabundant as compared to hydrogen; these may represent remnants of
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exhausted stellar cores in which the hydrogen has burned to helium and whose
envelopes have blown off in a thermonuciear explosion. The sun is not such
a remnant, and an explosion would have carried away the entire hydrogen=containing
envelope with all the other elements including helium; the helium abundance in
the outskirts of a solar nebula cannot have come about through such a cataclysm.
Causes other than thermonuclear explosions must have worked in producing the
peculiar composition of the atmospheres of the giant plarets; possibly, some
of the helium stars may also have been influenced by similar causes, without
the intervention of nucliear reacticm-o

it may appear that the preterantial escape to space af hydrogen, as
a lighter gas, could provide an explanatior. lt iz shown below thar,
quantitatively, the explanation does nct hold even in the case of the most
favorable assumptions. Caz-kineric escape, &3 & particalar case of diffusion,
is zubject to severe limitation: owing to the finite collisiona! crozs-section
of the molecules, and cannot serve T2 remove fn reasonable time masses of
planetary order. Oniy superficial changes, affecting the small atmospheric
masses of the terrestria! planers, could have been :ihieved in such a manner.
The separation of hydrogen and helium in the cuter planets must be attributed
to some other process - most likely to srowing-out of solid hydrogen 'in the
solar nebula, whose flattened disc may have been kept at a temperature of some
L K when dust was shielding solar radiation and starlight alone was available
(3pik 1962b) .

in the following some aspects of gas-kinetic escape; especially its
quantitative limitations, will be examined. In particular, it is shown that
oversimplifications of the isothermal model which often are introduced may

grossly exaggerate the possibilities of escape.



2. The lsother Model

Jeans (1925) proposed a model used also by Spitzer (1952}, namely that
of an isotherma} atmosphere in diffusive equilibrium; it yields high rates of
absolute and selevtive escape, and is well suited for obtaining upper=limit
values. Spitzer (1952) introduced certain simplifications, amounting to a
calculation of escape lifetime irrespective of the actual position of the
escape layer, valid however on'y for low rates of escape; for marginal upper-
limit estimates the simplifications cannot be used. In this respect credit
must be given to Urey (1959) who reaiistically applied Jeans’ formula to the
actual escape layer, however without allowing for its increased radius.

The equivalent of Jeans' precise escape formula for a spherical surface

i
of radius r (cm) can be written (Opik and Singer 1961) as
F_ = bme2NKu (1 + B) B (1)
molecules of species X escaping per second through the surface, with
1 1
u = (kT72mm) 2 = 3637(T/p) 2 (cm/sec). (2)

Here N is the total number density em 3; X is the relative abundance , m the
mass, B the relative molecular weight (0 = 16) of the particular molecular
species, k Boltzmann's constant, T the temperature k. B, the escape parameter, is
given by
B = GMn/(rkT) = ms2/(2kT) = 6.013 x 10 ° pus®/T (3)
or

B = 8.023 x 10 & Mu/(rT); (3a)

it represents the ratio of gravitational potential energy to the thermal

()
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energy kT per molecule. G = gravitational constant, M = mass inside spherical
surface r, 5 = escape velocity from r to infinity, the mass outside r being
assumed to be regligible as compared to M, as would correspond to a superficial
"atmospheric! layer. Equation (1) refers literally to a certain '"escape level'
from which molecules can move out to space unhindered. For a major light
constituent usually X = 1, on account of diffusion.

The mass escaping per unit time i3

dM/dt = - mF = - 1,66 x 107 2% uF . (L)
The actual escape effectively takes place from an ''exospheric base
whose overlying mass load corresponds to the gas-kinetic free length of path,

conveniently defined by

i

0'2N=2 (5)
18
(Opik and Singer 1961), where

s 4
ZN=ZrN=/ N dr. (6)
r

For not-toco-small values of B

S N=HN (1)

can be assumed, with H, the mean scale height, being defined through

H = kT/mg = 5/3, (8)



ofm

g being the acceleration of gravity at 7. For order-of«magnitude calculations,
equatians (7) and (8) can be uysed down to B Z 1, For B&£ 1, H=r can be conven-
iently substituted. The escape of minor constituents from the base of the
exosphere must be supp!ied by dkﬁwsion from underneath. At small values of B
and high rates of escape, the supply may become inadequate, upsetting the
postulated diffusive equilibriur and reducing NX at the exospheric base, as
well as the rate of escape as compared with that for diffusive equilibrium.
By neglecting this "bottleneck of diffusion" the escape i3 overestimated;
this wouid suit our present purpose of obtainirg upper )imits.

In the present case, however, we are cincerned with the depletion of
major constituents (hydrogeni, wnich may concentrate ro 100 per cent rear
the top while sufficiently abundant underneath. The bottieneck of diffusion
is irrelevant in such a case and equation (1) defines the escape flux without
exaggeration. In what follows next. for the escaping major constituent we may
set X =1, NX=N, H=H, B=58, m=m ir equations (1) ané (5) - (8).

in diffusive equilibrium rhe Boitzmann thermodynamic formula holds,

N]_/Nz = eBll ‘2 5 (9)

or

N = NoeB (9a)

)

where No is the equilibrium density "in infinity', a somewhat vague effective
quantity. In a real case, No must be small,

Substituting (9a)into equation (1), the exponential factors cancel out.
With B usually of the order of 10 or more, according to equation (8) the
scale height is small as compared to the radius, the atmosphere is comprised
within a relatively narrow zheet, r varies little, and Fr is approximately

constant whatever level and number density is assumed in equation (1). The
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equation, applied to an arbitrary 'evel for which the isothermal and diffusive
equilibrium assumptions ho!d, wou'd yield the correct value of the escape flux,
although the leve! may not be fhe exospreric base nJar may he placed somewhere
deep underneath. Spitzer (1952) aiso negiected the unity term, sma'l as
compared to B in the bratkets of equation (1) and arrived thus at an elegant
formula for the Bﬁfg:}ime of a gas escap’ng from above a certzin level,
independent of its number density, N, st this bottom level. Spitzer's

formuls has been widely used withou realizing 1ts actua! limitations.

Thus, it may seem thar, by applvirg Sp.tzer-s formuta or its more
precise equivatent, eédéti@n (i), tc ar arb trary '=otrermal ‘eve! at 5, T,
and B éonstap?, rhe escape flux may be made arbitrarily large by simply
increasing tne gs3 density, N, at this level. Thiz may be formal'y correct,
but would. in some in:itances, require structures which cannot exist in the
real umiverie.

When N = N; i5 increased at & given leve!, accordirg to equation (9)
the density increase: in the same proporz:on at gl! other levels; as a

result, the exospheric basze is shifred adtwards, r increases and B at the

y

base decreases. When B<L 1, HA~sr, equatian (5) reduces to or¥ = vet,
when r—> 00, N No = const. according to equation (9a), and 6rN > @, not % o
Condition {5) car be fulfilled only up to a certain maximum value of Nj,
above which no exosphercic base can exist, the atmosphere merges into the
medium and escape is replaced by diffusion. Spitzer's formula for the escape
lifetime can be valid only to a certain upper limit of the gas density, N,

or the escape flux, F_. Or the other hand, when escape |5 increased by

decreasing B, at B< 1.5 the atmosphere blows off and gas-kinetic escape

cannot take place {see below, condition (13)].
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An isotherma)l gas sphere has, theoretically, infinite mass and cannot,
therefore, stretch out isothermally to infinity; however, an isothermal structure,
as a working approximation, is acceptable when its density somewhere merges
into the intersteilar or interplanetary background.

The limitation of escape flux becomes obvious when equation (9a) is

substituted into (1) (X = 1),
F_ = bre®n u(l + B); (10)

with a reasonable upper limit to No’ the escape loss is limited and cannot

be arbitrarily increased. We may set, as a condition of the static existence,

N, << No (1)

where Ns is the interstellar (for a solar nebula) or interplanetary gas
density (for planets or protoplanets). At this condition, N as defined by
equation (9a) may become equal to NS at a certain finite value of B> 0, or
a finite distance, rendering possible a smooth fit of atmosphere to medium.
On the other hand, the mere existence of an exospheric base and of the

process of gas-kinetic escape requires

N>y Ns (11a)

at the base. Without this condition, the boundary of the gas sphere loses
its identity; it would merge into the surrounding medium, diffusion and

hydrodynamic flow becoming the means of exchange of matter, instead of

D

escape.



3. Selective Escape.

When condition (11) is violated, the postulated isothermal gas structure
in hydrostatic equilibrium cannot exist. The interstellar or interplanetary gas
density being lower than required by isothermal equilibrium with the gas
sphere, there wili be an excess of pressure and the gas from the top of the
sphere will rush into the surrounding vacuum. Two extreme cases may be distinguished

schematically when

N > N (12)

(a) lsothermal expansion. When the supplv of energy is sufficient to
g

keep the streaming and expanding gas at an isothermal level, it will stream
out into the surrounding space; the time scale of diffusive separation of
the gaseous conztituenrs being 'arge as compared to tnat of hydrodynamic
flow, no separation takes place and the material iz lost to space non-
selectively, by streaming and not by gas-kinetic escape.

(b) Adizbatic expapnsion. When the supply of energy is negligible,
g

isothermacy cannor be maintained and an essentially adiabatic state sets

in. Equation (9) is no longer valid. Unless the therma! energy is too
high, the sphere maintains finite dimensions. Diffusion is superseded by
mixing, and the composition of the gas is uniform throughout the atmospheric
layer. Differential or selective escape takes place, the loss of each
component being given by equatians (1) - (3) when r is the radius of the
exospheric level, T its actual temperature, and NX the exospheric density
of the particular component. Contrary to the isothermal model; no sub-
stitution by other levels is admissible. Equations (5) = (8) remain valid

when XN and Nr refer to the sum of all components, and 6 =¢, m=m, b = H,

10
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B = B [calculated from equation (3) with p = 1] are average values for the gas
mixture.

The thermal energy of gas-kinetic translational motion equals 1.5 kT
per molecule; if this exceeds the gravitational energy, or when, accordin;

to equation (3), for the gas mixture
E(l.,s
)

the top of the atmosphere blows off; the loss of gas may then be almost
arbitrarily high but indiscriminate as to species. An overall condition
for the possibility of selective escape, equally applicaBle to the adiabatic and

the isothermal cases; is thus
B> 1.5 & (13)

For the isothermal case, this may be superseded by condition (1)
which, in conjunction with equation (9a), yields the condition for selective

escape as

E>zn(§/&s) , (1h)

valid when
N/N5> h.5

otherwise condition (13) holds as the overriding one.
The rate of escape generally increases with decreasing B; therefore,

equations (13) and (14) also define the maximum possible rates of selective

11
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escapé° These rates are to be calculated from equation (1) as applied to the
actual escape leve!, or the base of the exosphere, without substitution.

When condition (31) is fulfilled, the isothermal case with diffusive
equilibrium can be assumed a: a basis; when not, the adiabatic mode! with
uniform composition is to be preferred.

k. Rate of selective escape.

A combination of equations (5), (7), and (8) vields for the escape

level or exospheric base a rotal number density

N = BAzor) . (15)

Equation (15), however, breaks down at smatl vaiues of‘ﬁ;when'i L1, an
effective value of B = | should be used. B irself is a function of rs

when the distribution of density with altitude, N = f(r), is known, the
position of the escape level is found from (15) by trial and error. In

practice, guesswork is énevitabieoi Eiiminating T/u in equation (2) with

the aid of (3a), we have also
u;& 1
u = 1,030 x 10 (g/?a) 2 (16)
Substituting equations (15) and (16) into (1), we obtain a genreral
expression for the selective escape flux, when universal constants are
numerically evaluated, a3 foilows:

. . -B, —
Fo= 6474 x 10°% X(¢M) 2B 8 2(1 + Ble 85 . (17)

With & = 1.8 x 10 1% cn® as for typical gas-kinetic collisions of

not too hign energy (hydrogen at emal! multiple of room temperatures),



52 = 2GM/r (18)

or

1 - ) b §
s = M(26/Mr) 2 = 3,655 x 10 * (M/r) 2 (19)

as the escape velocity for neutral molecules, and the total rate of mass loss

through escape of the compenent x being
dM_fdt = - 1,660 x 107EF L F (20)

(a/sec), the relative rate of loss of mass, expressed in units of M, the
total mass of the gasenus sphere,ii reduced to
dM

_— . =Y - -
% E?i = =2.18x 0¥ X3P B B2.(1+8)e 3 (sec 1), (21)

when in equation (17) Mr is substituted from (19) and Fx is inserted into
(20). For B« Y, B = ' should be used 3z the best approximation, whereas for
B its actua! value s+2)' be taker even wrer :mall. The walues of s,IE and B
should correspond to the actus! base of the exosphere. Except for dimensionless
parameters, the fractioral! rate of mass loss is inversely proportional to s;
the escape velocity (cm/sec) from the base of the exosphere. This remarkable
formula is quite genera!, the only zomewhat inaccurate parameter used being
7, the collisiona’ cross section of the gas molecules. The numerical factor
in equation (21) is inversely proportional to g. On the ofher hand; in
isothermal equilibrium the exospheric density N~O L~ eB for a given
atmospheric mass distribution, 3o thaft the product e“‘B o1 js constant, and

the actual rate of escape little depends on T

13
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5. Jlonic escape.

The formulae for ionic escape can be derived from the preceding formulae
for escape of neutral gas, although in actua! cases the definition of the
escape parameters (N,B,T) is less unambiguous. On account of electrostatic
fields caused by the diffusion of electrons, the weight of the ions is
reduced - to one-half of full aravity when only one ionic species is present,
and in different proportions when several species occur. The values of B
are reduced in the same proportion as gravity is decreased, in comparison to
those of equations (3) and (3a)., When two ionic components are present whose
number densities are yNe and (lmy)ﬂe, Ne being the electron density, and whose
relative molecular weights are uy and up, respectively, their escape para-

meters are given by

o«
[
Y

= [ ) (22)

and

Bo

]

% B2 [1 + y(ﬁ=~%-u,/&-tz)} (23)

"
{Opik 1962a), where By; Bz are the values for the neutrals; however, in the
case of negative values of B'; or an, zero must be assumed. The ionic

average of B is
B . (24)

The Coulomb collision cross section of ions strongly depends on velocity,
so that a straight average value cannot be used, unlike neutral molecules. Also,
the escaping ions belong to the high-velocity tail of the Maxwellian distribution

and have thus smaller cross sections than the average thermal! ions. Their

11
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average kinetic energy at the escape base is approximately (E B+ 1.5) kT,

corresponding to an effective temperature of

=BT (25)
13
Hence their collisional cross section for Coulomb interactions (Opik and Singer.

1961) can be set equal to
~s [ . 1T 2 913
¢, =2.25x 100 [(1 + 3 B)T] < logio(1 + 10%T/N ) (en?). (26)

if z is the degree of ionization, or the ratio of electron density to
total number density, the effective collisional cross section becomes

—

T =zo +(~2)0 , (27)

witho = 1.8 x 10715 cnf,

With respect to the effective scale height the actual situation for
ions is rather complicated. Nevertheless, for the upper portion of the
ionosphere equations (15) and (16) may be assumed to remain valid, with

Bi as an average of equations (22) and (23), usually close to expression (24),

B

X

y for the “first'' component and O defined through equation (27). Equation
(21) as adapted to ionic escape in the absence of a magnetic field then transforms

into

(28)
d

M -
Rl - -y T e -B; 1.
rirT 2.18 x 10728 AR 1 B, B % . (v + Bi)e ! (1~z+20;475) (sec 1),

valid for the actual ionic escape base; z~ 1 is expected there to be valid,

45
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whence'E} as for ions alone iz assumed. For the calculation of the ratio
a;ﬁ&;, equation (26) can be used but with a different numerical factor, equal
to 1.25 x 10%; Bi = Blu is defined by equation (22); this, and E} are as for
ionized gas, while B and 3 rema’r as for neurral gas, all at the escape level
of the ions, or at the base of the iong - exosphere.

it may be difficult to define the position of the ionic escape level;
observational data for the Earth, relating to the distribution of electron
density with altitude, are not directly applicable as they are governed by
the geomagnetic field. Gene-zliy it can be assumed that the ionic escape
base is placed we!l out in space, above the escape ievel for neutra! gas.
This qualitative feature, however, iz insufficient, 1f ssothermacy more or
less holds between the two levels, as an approximation we may use the Jeans-
Spitzer compensation of the N znd ewB factors in equation (IL XNemB = const.,
and apply the ioric escape formula to the base of the neutra: exosphere, withaut
regard to the value of 0% but with correcting faciors £5r the non-compensated
variables © and {1 + B) which must refer to the actuzd jonic escape level.

in the absence of & magnetic field. the ionir escape flux vhen foliows from

equation (23] as

dM
1 i . 10~ 16 -y G g 2.q (r -B;
W Tqr = 2.18 x 10 M, X, st B B [(ri/ro) +Bi(Ji/rol]e. ﬁ)(EBa)

with X, being the extrapolated abundance of the ion at the neutral escape level,
calculated on the assumption of isothermal equilibrium [equation (QE] from a
given density Ni at the ionic base; s is that for neutral gas, B for neutral
gas of species i, Bi for the ionized species [;sually Bi = % B for the major
constituent, see equation (22)] , and B is the average for neutral gas only,

all the parameters referring to the reutral escape level; Fo and r, are the

radii of the neutral and ionic escape levels. There is some minor uncertainty
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in the ratio ri/ro as depending on the actual position of the ionic escape base,
but it is much less troublesome than the uncertainty in 0; and ewBF which
affects equation (28). The major uncertainty rests with X, the extrapolated
effective ionic abundance; from terrestrial! experience, Xifv 0.1 for electron
density; in such a case by setting X, = i, equatﬁop (28a) is expected to lead
to an overestimate of the escape rate by an order of magnitude; however, theoretically
there is no limit to Xi which may even exceed unity.

Equations (28) and (28a) presume the absence of a magnetic field. 1In a
magnetic dipole field lon’c escape can take place only from near the magnetic
poles, from where the lires of force reach far enough into space, to be lost in
the interplanetary or interstellar field. For the earth this happens at about
15 earth radii, implying lines of force starting at geomagretic latitude T4°
or higher; the area of escape s then 0.04 of the total. By analogy, we may assume that
in the presence of 3 magnet'c field, the ionic escape rate is decreased roughly
by a factor of 25, as compared with the values given by eguations (28) and (28s).

6. Some Applications.

(a) Nebula of solar mass.

For a spherical nebula of so'ar mass the minimum heat flux can be assumed
equal! to that of the present solar output plus starlight, which would be correct
at a stage when the sun had already formed by gravitational contraction (within
about 107 years), leaving a residua! nebula behind. The nebula, prevented from
falling into the sun by its original or acquired angular momentum, would
ultimately assume a flattered shape,‘the matrix for planet formation. For
order-of-magnitude estimates of escape, a spherical model is still admissible;
at an early stage, when s is small and the escape is greated [gi. equation (21{L
it will, indeed, be practically spherical. The surface temperatures are always

50 low that no significant fonization can occur (H! region), so that the
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equations for neutral gas alone will be used.

The radiative equilibrium temperature at the exospheric base can be cal-
culated on the black body model; the presence of dust ensures the possibility
of this procedure. With 5800°%K as the present photospheric temperature, and a
radius of 1/215 a.u. of the sdn, and 3.66°K as the black body equilibrium tem-
perature for starlight plus cosmic rays (7 x 1072 erg/cm2 sec from starlight,

3 x 10 3 from cosmic rays), the equilibrium temperature at a radius of A a.u. is
T = (2.4 x 10¥° A™2 + 180)54’(°K). (29)

The escape velocity equais

-

s = 4.22 x 10? A 72 (cmfsec), (z0)
and, from equation (3),

B =1.075 x 10° u(AT) * (31)
With

r=1.5x 101 A (cm) , (32)

o= 1.8 x 1025 cp® and equation (15) ,
N=1.99 x 100 (A®T)"Y (total) , (33)

when
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and subject to the limitation (112). According to this, the number density at the

exospheric base must exceed that of the interstellar medium ,
N> stv 1 em 3 . (35)
With X = 1 as an upper iimit,'§'= B, or for escape of only one pure com-
ponent - molecutar hydrogen, p =2 =~ Table )| has been calculated, according to

equations (29) ~ (33) and (21). Condition (11) iz aiways fulfilled, so that the

TABLE !

Ezcape of molecular hydrogen from a nebuia of solar mass (M) and luminosity

A 1 s B=B N=N, -%T0 &y & in
a.u. deg K 10° cm/sec cm 2 sec ¥ 102 years  L4.5x10° years
10 124 13.3 174 321 10 24 Lx10"°® 2x10 7
100 39.h k.22 sh.5 (0.2 Bxi0T4®  2x10727 1x10"2S
400 19.7  2.141 27.3 1,28 5x10731  1.4x10715  7x1071%
1000 12.4 1.33 7.5 0.32 7x10727  2x1071? 1x10"°

isotherma) model is consistent. As to condition (35), it is violated in the
last two lines of the table, for A = LOO and 1000} for these, the nebula
loses its exospheric identity and the concept of gas-kinetic escape does
not hold; exchange with the surrounding medium proceeds by way of diffusion,
a very inefficient process, too (Bpik 1962b); and, instead of loss, there will
be gain by accretion.

The last two columns of the table give the total relative loss by escape,

MM/M, over periods of time which are allegedly much longer than the time of
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existence of the nebula. These losses are negligible even compared to the
mass of the gaseous outer envelope of Jupiter which is of the order of 10 ° solar
mass (De Marcus 195%’ apik 1962b). At A = 200 wkick is an upper limit for the
exospheric model, AM/M ~ 1072 or about 10 ** of Jupiter's atmosphere. Clearly,
no significant separation of the gaseous conétituents in the outer portions
of the solar nebula could have taken place according to this model.

With other sources of heating supporting a higher temperature, the
escape may be increased. With B = B=1.5 according to conditicn (13) as the

extreme lower 1imit for differential escape without the top '"blowing of '),

3

L5 x 105 ATY (36)

o
n

N = 28 AL, (37)

and from equation (21) with X =1, n =2, B = 1.5

M ,'8 =16
QE - . 2.9 .: 10 , (38)

X o
a

Table 2 has been claculated. L is the luminosity of the model,
= (B/%1)4 > (39)

TABLE 2

Extreme upper limit of selective loss of molecular hydrogen from a_nebula of

solar mass, at B =B = 1.5

AT 5 N=N N 1 My L t &
. _x S M dt sclar Jpper ugper
a.u. deg kK 10° cm/sec cm 2 em 2 10 22gec 1 units limit sec 1imit
10 14300 13.3 2.8 0.62 2.2k 1.8x108 6x107 1.3x10" 14
25 5720  8.kk 1.12 0.25 3.53 1.1x107  9x10%® 3x10° 19 20

100 1430  L.o2 0.28 0.062 T.05 1.8x10% 6x10° Lx10 12



w20 =

where Ty is the temperature corresponding to zolar luminasity and defined through
equation (29). Without defining fre extraord.nary source of heating (one
suggestion may be a nearby hor srar, or a supernova explosion), the total

energy expended must be somehow !imited; arbitrarily, we azsume an uprper

iimit equal to the sur’s radiavion during 3 x 10% years or 101® sec, whence

a reasonable upper limit to the duratior of excessive heating (quite artificially
assumed to have somehow staved at the limit of B = 1.5, not overstepping it)

is set by

t £ 1020 (sec) . (Lo)

in such a manner, overal! upper limits to the selective foss of hydrogen
are found as given in the i3zt cu'umn of Table 2. These sre higher than those
of Tabie 1, but are 3til! negiig'bly =mail.

Thus, selective escape at any irage of evolution of the solar nebula is
utterly inadequate to account for the scarcity of hvdrogen in rhe outer envelopes
of the planets. It might seem that =puttering by the impact of interstellar
gas, or ”interstei!ar wind'' could contribute to the 'oss of hydrogen from the
outskirts of the solar nebula. However, the impinging interstellar atoms and
molecules will kick most of the nebular molecules inwards, and will themselves
be trapped in the deeper layers to which they penetrate, on account of their
high velocity (about 20 km/sec as the present translational velocity of the sun
relative to interstellar gas).

It can be estimated that, for each ten impinging interstellar atoms there
may be only one ejected hydroger molecule {only one in the exosphere with sufficient
velocitv to escape, but mostly directed inwards or at a small angle to the
horizon and trapped by subsequent collisions). There will be accretion, instead

of loss.
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¥ the incoming interstellar gas belonged tc an H t{ region, with its
hydrogen ionized but helium not; a magretic field of the order of 10 - gauss
could have turned the hydrogen back, letting neutral helium through. At
A = 100 a.u. (Tablie 1) and 0.1 cm = as the helium density, with 20 km/sec as the
velocity of the stream, the preferential influx of helium captured by the cross

1012 g/sec or 8 x 10 © solar

section of the nebula would have amounted to 6 x
mass in 10% years. This is of the order of Jupiter’s outer envelope. However,

it iz improbable that the residual solar nebula, after the giant planets had

formed (their interiors are not deficiert ir hydrogen) could have remsined

at A = 100 for 10°% years. Mosr likely, the planets were ziready in their

present positions, at about A = 10 a.u,, and the sweeping time for removing

the remnants of the nebula from between the planets was of the order of less

than 3 x 105 years (3pik 1962b); this would make the possibly accreted helium

mass smailer by a factor of 105, or about 10 9 solar mass, which i3 aga‘n
negligible,

The mozt probable process which led to the formation of the helium-rich
armospheres of the giant planets on top of their s30lid hydroger main bodies
appears to consist in snowing-out of hydrogen from an extremely cold (49K)
flattened nebular disc; hydrogen srow may have then led to the formation of
the main bodies which later collected the helium gas left behind (apik; 1962b) .

Our estimates of the rate of selective escape have been based on a
spherically symmetrical model of the nebula. A more complicated discussion of
selective escape from a rotating flattened nebular disc leads numerically to
the same conclusion, that is, of the inadequacy of escape (Spik 1962b). The
conclusion is quite general; it mainly depends on the gas-kinetic and thermodynamic
properties of the gases, and very little is influenced by the macroscopic details

of the gaseous models of astronomical dimensions to which the theory is applied.
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(b) Jupiter - an overall upper limit to selective escape.

According to equation {21), for an owverall upper limit of escape s and B
must be given their lowest possible values. From equation (3) ir also follows
that
Y %

s ~B

3

whence, from equation (21), when X = 1 and B = B,

- %’%% ~u Tm}é (¥ + B) L (1)
paradoxically, at given B the lowest exospheric temperature yields the highest

rate of escape. According to equation {3a), for a constant mass this requires

a maximum possible exospheric radius,
o (BT) 1 o ()42)
With the present planets (except Mars and Mercury), there is little freedom
in the choice of r which cannot much exceed the radius of the planet. Only in
a hypothetica! gaseous protoplanetary stage (which may not have taken place at
all), a large value of r, with simultaneously low values of B, T, and 5 can be
postulated.
Assuming as minimum value T = 100%K at the surface of the protoplanet,
and s = 1.1 x Y0¥ cm/sec as a minimum for this temperature, for p =2, B = 1.5

according 1o equation (3), equation (38) yields

=

1

T <3 x 10 2L zec 2 (43)
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This, artifically conceived protoplanetary stage could not have lasted

015 sec. Hence, through

very long, certainly much less then 10% years or 3 x |
escape from the imaginary inflated gasball, the selective loss of hydrogen could
not have exceeded 1075 of the mass of the plarmet or, in the case of Jupiter,
1 per cent of its atmosphere.

The radius of the Jupiter protopianet, corresponding to s = 1.1 km/sec,
would have been about 3000 Jupiter radii or 1.4 astronomical units, far out of
Jupiter's present satellite system. Both the zize, and the lifetime of this
fantastic gasball cannot have been as large as supposed. It is safe to state
that Jupiter never could have loit more than one-millionth of its mass through
selective escape of hydrogen.

During the present plaretary stage, with u=1, T <_'!04 %k, s> 5 x 108 em/sec,
B> 15 as for atomic hydrogen in Jupiter’s exosphere, equation (21) yields

*y “22 ~1
T < 8 x 10 =7 sec s

T

or, for t = 1.4 x 1017 sec as the age of the solar system, oM/M < 10710,

This i5 very small as compared with the upper limit for the protoplanetary

stage. For completely ionized hydrogen, y = 1, z=1, Bi = %‘E =T7.5atT= 104,

N, ~ 10% cm 3, o = 1072* cq? according to equation (26), 0 _fo7 = 5, equation (28)
yields an upper limit to ionic escape of hydrogen from Jupiter equal to 180 times
the limit for neutral hydrogen, or

% 'Z%/ 1.4 x 10725 sec b .

in 1.4 x 01" seconds this gives

/_\Mi/{ﬁ <2x107°®

,
t
plisin
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thus still negligible, especiaily when it i3 cons idered that Jupiter’s magnetic
field would cut it down to & figire of about 8 x 10 20, the same order as for
neurral escape.

Conzidering that rme remperature of Jupirer’s esosphere is undoubtedly very
much lower than 10%* %k, the exztimares =2-e¢ grossly exaggerated, the present rate
of escape from Jupiter being practically nil,

(¢) The Earth,

it is genersliy heiieved, snd for good reason, that the terrestrial planets

b

have lost all their ooiginst Free gas whick tpey scqgas3d «n rhe precess of
accrerion; it has blown off,  indizcriminately a3 10 tpevies, Dy being ton hot
(B< 1.5) or too dense (NC > NS), or bath,
What atmosphere these planets own now has been apparently released from
the interior, wnere it had been occluded in the so'id crusr or Ftaid magma.
We are here onily interested ir the mater’al bxtance nf rne major atmospheric

constituents. Of these, on Earth only hydroger ha: been. and 2101 i5 escaping,
rhe other constituents (0 N} baing bound firmiy (Yarge B walusi,

The hydrogen it supplied by photo-decomposg iticn of ware: wapour,
HzO > OH + H 3y O+ H + 1 (2) and H20->Hz + 0 63,

in reaction (b), the molecular hydrogen i3 hard *o break up, as it requires

ey

st least lho?j%n the strong absorptior region; however, it will not accumulate
incefinitely, but witi recombine to water giving reaction (2) a second chance.
This latter takes place at lower energ‘es, intensely in the ultraviolet region shorter
than 1850 X where enough photons are available to march any reaﬁonab!é escape rates.
The escaping hydrogen will thus always be available in atomic and not in molecular
form.

Afrer the first cataclysmic accrerion and original loss of the proto-atmosphere,

it can be assumed that present-day exospheric conditions more or less prevailed.
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With r=7x 10% em, ¢ = 1.05 x 108 cmv'sec as for the escape level,
k=1 as for atomic hydrogen, X = 1 as for a major light constituent (valid even
now, when H has become a minor constituent of the atmosphere), equation (21) yields
rates of escape as in Table 3, with the other data furnished by equations (3),

(15) (& = 1.8 x 10715) apd (9a).

TABLE 3
Maximum rates of escape of neutral atomic hydrogen from Earth
dM ,
B = i = No S R ) LM/M
OE B =18 N 'ng -3 M dt in 4.5%x10% years
cm cm sec Y

1500 ka5 1.78x10% 2,4x10% 2,8x10723 k.oxi07®

2000 3.3k j,34410% k. 7x10% 5.8x10722 8.1x10"®

2500  2.67 1, 07x10° 7.3x10* 8.6x10728 b.2x10° S

The results are not very sensitive to tempersture, With any reasonable
value of irterplanetary density (N5 < 100 mea), No)ﬁ> NS in the table and,
the isothermal mode: fails. The escape proceeds adiabatically, with exospheric
density varying more or less inversely as the square of the distance (Bpik and
Singer 1961).

For ionized hydrogen and for T = 2000° K as a middle value (Table 3),

- i 3
B=T0 = 3.34 B) =5 B =1.67, by =1, 5= 1.05 x 10%; with ri/ro = 2 as for

ar elevated iono-exospheric base (at reu 1.4 x 10° cm) and for X. = 0.1 equation

(28a) yields a rate of

dM,
i

_&‘EE- = 5.2 x 10 2% 5oc72

without magnetic field, almost equal to rhat of neutral escape, but only
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MMM = 3 x 10

when a reduction factor of 0.0k is applied, to aliow for inhibition of escape by
the geomagnetic fieid. This is smal] as compared to the neutral escape rate
aﬁd can be neglected.

The terrestria! oceans account for 2.3 x 10" % of the mass of the Earth;
of this, 2.6 x 10~.% is hydrogen. According to Tabje 3, the upper limit of
escape of hvdrogen, at 7 = 2000°, iz one-third of the present store. it appears
that actual escape of hydrogen, wel} below the upper lumit}could not have depleted
the terrestrial oceans to any considerable degree.

Part of the loss of hydrogen is compenzated by protons of the ''solar wind'.
Becaute of their high energy, they penetrate deep below the exosphere and compete with
geruine terrestrial hydrogen in diffu&ing outwards. An influx at norma! incidence
of 10° cm 2 sec’ ?t (Hpik, 1962b) would wield hydrogen equal to 5.0 = 1078 of the
Earth's mass during 1.4 x 1027 seconds. Over the major part of the Earth's history,
the actus! loss must have been impeded by the 'bottleneck'' of diffusion, and by
the 'coid trap' of the upper atmosphere, as it is now for this, presently a minor
constituent (cf. Urey 1959). On the other hand, the supply of ultra-violet
quanta required for breaking-up the water molecile exceeds by an order of
magnitude or two the requirements of maximum escape and is not much of a limiting
factor.

while hydrogen escapes, the other constituent of water, oxygen, cannot
escape to any noticeable amount and is left behind. it may be that some of the
free oxygen of our atmosphere is partly due to the escape of hydrogen, although
it appears to be chiefly produced from COo by photosynthesis of the planmts.

it accounts for 1.8 x 1077 of the Earth's mass corresponding to 2.0 x 1077
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water equivalent, 2t least 23 per cent of 7t i matched by carbon deposired
photosynthetically in the Es-th s crust and surface, an? it is not impossible

that all the free oxyger i: accaurted far by photosynthesis. in any case, it iz a
negligible amount as compared to the upper limit of loss througn dissociation of
water and escare. (13 hydrogen equivaient is only 2.2 x 1078, py one order of
magnitude fess than even the cartribution from sclar wind, Considering that the
solar-wind contribution must have escaped completaly (otherwise hydrogen in

excess of oxygen wouid have accumuiszted), & lower 'imit to the toss of hydrogen by
escape from the Earvh during L5 « 0% yesrs i3 set by Y.

According to urey (1933), tre water egqu va'ent of oxygen required ''fo
account for the oxidarion 5f cs-por, ritrogen, su'phur, and ferrous Trop from
their jow value states, as They are observed in meteorites, to the oxidized
states observed ir the surface regiasnz of <he Earth''. may be &5 high as 3,8 x 10*
qg cm 2 (maximum estimate), correspondizg to @ water layer of 380 m or a hydrogen
equivalent M/M = 3,6 x 1077, this 15 1k per cent of the present oceans, and Ll
per cent of the ucper !imit of Tabie 3 (T = 20007 ). Asz some of the oxidation may
have taken place in accreting material, during the pre-planetary 70 ear'y franetary
stage, the estimate i35 Jdoubly an upper !imit but may %> a close order >Ff magnitude
approach the true value.

We have thus a 'ower ‘mit ro the escape of hydrogen in L.5 x 10° vears as
corresponds to present solar wind; 5.0 x 1072 of the Earth's mass; urey (1959)
finds a water equivalent lozs of 20 cm or & ﬁydrogen equivalent LM = 1.7 x loms,

1730 of the minimum required to dispose of injection by solar wind; the
figures are close enough, sugge:ting rhat probably the present rate of escape
of hydrogen from Earth i3 neglig'ble.

On the other hand, the rate »f dissociation of water at an early planetary
stage could hard!y have been much different from the maximum efficiency of present-

day soYar radiation. The production of free oxygen that was required for the
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oxidation of the Earth's crusta! materials must have been a slow process; involving
time intervals of the order of 10° years. One way for this to work may have
consisted, for example, in conditions for maximum escape (5.8 x 10-23, Table 3)
prevailing for some 6 x 101€ sec or the first 2 x 10° years of the Earth's history,
after which escape of hydrogen, as well as oxidation of fresh magma were greatly
slowed down. An initial period of intense plutonic activity with water vapour injected
into the thermosphere by volcanic eruptions (overcoming thus the cold trap), and
simultaneous exposure of abyssal magma (olivine, peridotite) which absorbed the oxygen,
could well figure as a working hypothesis. [t may be significant that radioactive
dating has not produced terrestrial rocks older than three billion years (2.9 x 10°
asz an upper limit), a circumstance not in contradiction with the presumed chaotic
state of the Earth's surface during igs first 1.5-2 billion years.
(d) Venus.

The puzzlie of the virtual absence of water and oxygen on Venus invites
c omments from the standpoint of escape. With possibly higher stratospheric
temperatures, water vapour could have passed the cold trap, being then dissociated
into atomic oxygen and hydrogen in the uppermost atmosphere (F-layer and higher,
or thermosphere). The hydrogen may have escaped more easily than from Earth, and
large quantities of the oxygen may have been used up in the oxidation of the
crust; but an amount of oxygen comparable to that in the terrestrial oceans,
if not escaping, could not have been all chemically bound at the surface without
trace; it should have left a considerable amount of free oxygen in the atmosphere.
This, however, is not observed. The problem is thus - could the oxygen have
escaped from Venus, at least in quantities comparable to the terrestrial atmosphere,
while not escaping from Earth, a planet of very similar size?

A higher temperature ard the mechanism of ionic escape may provide the

answer. [In accordance with the concepts of thermal balance of the uppermost
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terrestrial atmosphere {the ''thermosphere'’ above 110 km on Earth) as worked out
by Bates (1951), equaticns for the calcilation of a ¢ianetary exospheric tem-
perature have been set up fur Mars by apék (5962c', Ep. 272-275); these equations
can be transformed to apply to Venus. [t is assumed that the unspecified zource
of heating of the thermosphere ix ‘nverzely proportional xo the square of
heliocentric distance, and that the chief radiator 15 CO through ity rotationsl
transitions; the difference betweer the input from outside and the Yoss by
radiation to space of the carbon monoxide molecule '35 trarsported downwards by
corductivity which derermine: rhus the differerce of temperature betweer the top
of the thermosphere (TB), wkich is alsc rhat of vhe exospreic base, and it3
botram (Ty)e in the Veru: rnesrmosphere. at a time whern water wa: sbundant, the
chief molecules must have been H, 0, 0, COz and Np, of which 0z must have

beer kept down by 4 Ftysion and o0ty 00 was & strong radiaror. Also, strong
absorption of uitracwic et guants by water wvapsu~ begins 2t 18%0 X , and has

by on@ or two orders of magnitude a Yarger cross section than that for COz
absorption which begins efficiently at ¥70C X; Hz0 wher abundant i3 thus capable
of shielding (0z. preventing ts decompoa:ition; Oz could also corrribute to
shielding (Urey 1959) but its abundance in the thermosphere must be negligible,
it being completely dissociated. Tne abundance of CO in the Venus thermosphere
t herefore may have beer sma'!l, despite the abundance of COz on the planet, and
the radiative efficiency of the thermosphere low, leading to a high exospheric
temperature.

11}
The equations for Venus can be written as follows (Opik 1962¢):
1,21 T - 0.50 = (1.91 - 2.85 sz)-[}“a ; (hb)

T, =290 T - 8% . (45)
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Here TB 5 the temperature of the exospheric base, T an auxiliary variable
proportional to a certain mean radiative temperature of the thermosphere, and
‘f the relative abundance of (0 in rhe thermosphere. Ta = 330 Ok was assumed

as the temperature at the base of the Venus thermosphere (300 ®°K is the value for

Earth); its exact value iz irre'evant. The solutions, for different values ofj:,

are contained in Table k.

TABLE 4

Temperature (TB) of the exospheric base for Venus as depending on the

C0-abiindance (f) in the thermosphere

f 0 0.01 0.1
v 3.28 2.62 1.52
Tas O 8750 6820 3600

The values of TB are differentially iinked to the terrestrial value,
assumed to be 2030 %k at ‘f = 0, For Venus considerably higher temperatures
result ,in accordance with its smaller heliocentric distance; therefore, escape
from Yenus is expected to be more intense than from Earth.

in view of the great abundarce of (0z, there must have beer some CO in
the Venus thermosphere, despite shielding and diffusion keeping it down. As
a guess, we assume jT =0.01, T=T,= 6820, with p = 16 as for oxygen,

s = 9.8 km/sec at r_ = 6900 km for the neutral exospheric base (800 km above

Q

ground level), B = B = 13.3, X £ 1; then equation (21) yields as ar upper limit

dM i
E;Q <3%.2 x 10025 gec 1,
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and for an interval! of 4.5 x 10° years the total escape of neutral O becomes

MM <Y x 0%

or an Hz0 equivalent of L,5 x 102 of the mazs of the planet {corresponding to

47 cm of water), 6000 time: lest than the relative mass of terrestrial oceans

or 22 per cent of terrestrial free oxygen. By cosmic standards this is negligible,
although the resu’r i verv sensitive to fhe assumed temgerature.

Far tomic e<o3pe, with T = €820, X, &, u= 16, rquo =2, B=B = 3.3,

~

B = 6.63, 3 = 9.8 x 107, equarion (28a) yia'ds

Ay 10722

!
¥

i
)
)

x

Q

k]
o

without inritirior by a maaner'c f eld, c¢orresponding to 2 total relative 1o0:3

. O .
in k.5 » 107 vaars of

MM 39 x0T

D1l

a water equivalent of L.l x 10°° or 19 per cent that of terrestrial oceans; on
Venus it would correspond to a uniform water layer of 460 metres.

With a magnetic inhibition factoer of 0.0k the relative loss becomes less
than 1.8 x 10° 2%, 0.8 per cent of the relative mass of terrestria! oceans or
19 metres of water laver, and ten tiems “nhe amount of atmospheric oxygen on
Earth.

The estimates for ion:ic escape are not very sensitive to temperature;
vet they seem to point to 3 reasnnably efficient process by which Venus may

have lost its residual oxvgen in guantities comparable to, or even exceeding
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that in the terrestrial atmosphere. Most of the oxygen; however, left behind

after the escape of the hydrogen must have become bound by oxidation of the

crast; judging by analogy with the Earth (Urey 1959), with a similar tempo

of plutonic activity, the original water store on Venus must have been much

smaller than on Earth and of the order of a layer of 40O - 800 metires at most.
For ionic escape, there must be available a sufficient influx of solar

ultraviclet ionizing quanta which should be greater than the number carried

away by the escaping 0" ions. According 1o Hinteregger (1960), the relevant

fiux equals 1.5 x 1012 photons per cmé and sec at the Earth, of a wavelength

shorter than 912 R; at the distance of Venus, this corresponds to an average flux over

a spherica! surface equa! to 7 x 1€ photons cm 2 secwl; in 4.5 x 10® years this

would correspond to ionization of 2,6x10°5 g/enf of oxygen, practically equal

to the water equivailent of terrestrial oceans. This sets another absolute upper

limit to ionic escape, consideratb!y exceeding the calculated limiting gas~kinetic

rates which, thus, remair valid as actua) upper limits.
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